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Summary
Objective: To investigate the incidence and severity of osteoarthritis (OA) and the effects of voluntary wheel running in normal mice and mice
carrying either a targeted inactivation of one allele, heterozygous ‘knockout’, of Col2a1 gene or both alleles, homozygous ‘knockout’, of
Col11a2 gene.
Methods: Mice lived until 15 months of age in individual cages. Running activity was recorded around the clock. OA changes were evaluated
from serial knee joint sections by light microscopy.
Results: Heterozygous inactivation of Col2a1 gene coding for type II procollagen made the cartilage more susceptible to OA. At 15 months
of age, OA prevalence was 60–90% in knockouts and 20–45% in normal controls (P<0.01–0.001). Unexpectedly, a reduction of OA due to
wheel running was observed in both knockout strains (P<0.05–0.01). This effect was most evident in the femoral condyles. Incidence of OA
in runners was approximately 50–85% of that in sedentary littermates. OA prevalence was higher in normal control and runner mice with high
body weight. Running did not affect OA development in normal mice.
Conclusion: Heterozygous knockout of Col2a1 gene increased the OA prevalence in mice. Lifelong voluntary wheel running had a protective
effect against OA in both knockout mice lines. The reason for this remains unknown. Reduction of OA may result from the reorganization and
strengthening of the articular cartilage collagen network and/or adjacent muscles due to running, or lower body weight. Increased compliance
of the articular cartilage and bones of the knockout mice may also contribute to the reduction of OA in exercised animals. © 2001
OsteoArthritis Research Society International
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There is evidence for a genetic predisposition in a subset of
patients with osteoarthritis (OA). Some mutations of colla-
gen genes produce early-onset OA that may or may not be
associated with features of a mild chondrodysplasia1–9.
Osteoarthritis and other structural changes of articular
cartilage have been investigated in mouse strains carrying
transgenes which either disturb type II procollagen
formation or cause a targeted inactivation of, e.g., type II
collagen10–14, the fibril associated type IX collagen15–20,
and the fibrillar type XI collagen genes21.
In humans, increased body weight is associated with
increased prevalence of knee joint OA and, at present,
obesity is regarded as a definite risk factor for OA22,23. The
intensity of physical activity has been shown to correlate
with the incidence of OA. Recreational light sports appear
not to increase OA, but strenuous physical work, requiring152repetitive kneeling and squatting, or strenuous sports
activities with the possibility of joint injuries and dynamic
joint instability, seem to be risk factors24–31. On the other
hand, running training of light intensity and relatively short
length improves the biological properties of canine articular
cartilage32–34. The relationship between OA and aging is
well documented. However, it is not known to what extent
the pathogenesis of OA shares common pathways with
other age-associated dysfunctions, or whether OA is a
time-dependent disorder distinct from normal aging with
separate causative mechanisms working at the genetic,
metabolic, behavioral, or environmental levels35,36.
Spontaneously occurring murine OA and the effects of
forced running exercise and aging on the development of
OA in mice and other small laboratory animals have been
discussed earlier37. Briefly, aging and forced running exer-
cise increased the incidence of OA in normal mice. The
effects of voluntary wheel running on murine articular
cartilage and OA have not been assessed earlier. The
purpose of the present study was to find out if the inactiva-
tion of either one allele of Col2a1 gene coding for pro1(II)
chain or the homozygous ‘knockout’ of both alleles of
Col11a2 gene coding for pro2(XI) chain were able to alter
the strength of murine knee joint articular cartilage. We
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lead to an increase in OA incidence and severity. We also
assumed that voluntary wheel running would accelerate
and worsen these changes. Mice lived up to 15 months of
age. The osteoarthritis scores were evaluated using light
microscopy from knee joint sections37 and the running
activity of the mice was monitored throughout the
experiment38.Method
Three genetically different inbred lines of mice were bred
and held in the National Laboratory Animal Center (Kuopio,
Finland). The normal C57BL/6JOlaHsd breeders were
obtained from Harlan CPB (Rijswijk, The Netherlands) and
the two lines of knockout breeders [C57BL/6-TGN(Col2a1
knockout Ht) and Col11a2 knockout Hm] originated from
the Laboratory Animal Services of Thomas Jefferson
University (Philadelphia, PA, U.S.A.). Knockout breeders
were produced using homologous recombination tech-
nique12. Breeders heterozygous for Col2a1 allele, one
allele inactivated12, were mated with normal C57BL/
6JOlaHsd mice to obtain either normal or heterozygous
pups. The genotypes were verified using polymerase chain
reaction (PCR) analysis as previously described39. Toe tips
from 3-day-old and tail tips from 3-week-old (at weaning)
mice were used as samples. The primers for Col2a1
analyses were 5′-GCT ATC AGG ACA TAG CGT TGG-3′,
5′-GGA GTC AGA GCA CTG GTC ATG-3′, 5′-CTG TTG
CTT ATA GGA CTC AGG-3′, the inactivation of Col11a2
was confirmed with primers 5′-TTC ACC CTT GTG GCC
CTT CA-3′, 5′-CTG AGG AGT CTT CAG ACT GG-3′ and
5′-AAT CCA TCT TGT TCA ATG GCC-3′. Missing toe tips
served also as proofs of identity. Male mice were selected
for the study. Eight experimental groups were formed from
normal and heterozygous Col2a1 knockout mice: 9-month-
old runners and controls as well as 15-month-old controls
and runners. Breeders homozygous for Col11a2 allele,
both alleles inactivated21, were mated with each other to
produce homozygous pups. Male mice were selected for
the study. Two groups were formed from the homozygous
Col11a2 knockout mice, 15-month-old controls and run-
ners. Every experimental group consisted of 15–20 mice.
The study protocol was approved by the Animal Care and
Use Committee of the University of Kuopio.
After weaning, the pups lived together with the litterma-
tes for 1 week and were then, at the age of 1 month placed
in individual cages 25×50×15 cm in size. Standard condi-
tions prevailed38: temperature 21±2°C, humidity 50±20%,
12/12 h light rhythm, R36 Mouse Food (Lactamin AB,
Stockholm, Sweden) and water ad libitum until sacrifice.
The mice were weighed monthly. Runner mice had free
access to running wheels within their cages (breadth 8 cm
and diameter 23 cm). The running activity of the mice on
the wheels was assessed using infrared sensors con-
nected to a computer38. The running activity was measured
for 23 h every day. The remaining hour from 10 a.m. to
11 a.m. was reserved for data storage and maintenance
of the cages. Normally, the mice were idle and sleeping
during that time. The measurements consisted of recording
the running distance, running speed, and running time for
any defined time period longer than 1 s. The calculated
results were the average daily running distances and
running speeds. Total lifetime running distances were also
calculated.The health of the mice remained excellent throughout
the study. There was no mortality in the 9-month groups,
and only one normal control mouse died at the age of 9
months from the 15-month group of animals of Col2a1 line.
During the specimen preparation and sectioning of knee
joints, five specimens out of 139 were discarded due to
technical problems. There was no statistically significant
difference between the treatment or age groups in mortality
or number of lost specimens (chi-squared test). The
number of mice which were evaluated for osteoarthritis/
entered the study were as follows: 9-month-old normal
controls 19/20 (95.0%), 9-month-old knockout (Col2a1)
controls 20/20 (100%), 9-month-old normal runners 19/21
(90.5%), 9-month-old knockout (Col2a1) runners 18/19
(94.7%), 15-month-old normal controls 14/15 (93.3%),
15-month-old knockout (Col2a1) controls 15/15 (100%),
15-month-old normal runners 13/14 (92.9%), and
15-month-old knockout (Col2a1) runners 15/15 (100%).
From 15-month-old Col11a2 knockout homozygotes, 15/15
(100%) of controls and 15/15 (100%) runners were
investigated.
The mice were anesthetized by an intraperitoneal
Avertin-injection (tribromomethanol and 2-methyl-2-
butanolamyl alcohol, Sigma, St Louis, MO, U.S.A. and
Aldrich Chemicals, Steinheim, FRG), X-rayed, and sacri-
ficed by decapitation. The left knee joints were dissected
free by removing the muscles, and by cutting off the
femoral bone in the middle and the tibial and fibular bones
in the distal end. The fixation and processing of the knee
joints to paraffin blocks, cutting the sections in frontal
direction, and the analysis of osteoarthritic changes were
performed as described earlier in detail37. Using a conven-
tional light microscope, the articular cartilage lesions were
graded as: 0, intact cartilage; 1, superficial fibrillation; 2,
deep defects extending to uncalcified cartilage; 3, defects
extending to calcified cartilage; and 4, defects extending to
the subchondral bone. These changes are illustrated in
Fig. 1. The grading was performed in four cartilage com-
partments of the knee joint: medial and lateral condyles of
femur and tibia. Three sections, approximately 200 m
apart, consecutively, were evaluated from every knee joint.
The area assessed consisted of the cartilage residing
between the frontal planes of insertions of the anterior and
posterior cruciate ligaments, i.e. central areas of the tibial
condyles and the corresponding areas in the femoral con-
dyles (knee joint flexed in 90°). The structures were easy to
identify from serial sections. The differences between the
experimental groups were analysed using Mann–Whitney’s
U-test.Results
During their lifetime, the normal runners of Col2a1 line
(weight at 15 months 37.7±1.4 g; mean±S.E.M.) remained
2–10% leaner (P=0.011 at six months) compared to normal
controls (38.7±1.4 g), and the knockout runners (weight at
15 months 37.4±1.6 g) 5–14% leaner (P=0.009–0.019
between 6 and 9 months) compared with knockout controls
(39.5±1.3 g) (Fig. 2). The weight difference between the
runners and controls reached the peak between 8 and 10
months and diminished after that. Normal controls
remained 2–7% leaner than the knockout controls through-
out the study. In Col11a2 line the knockout runners (weight
at 15 months 28.0±0.6 g; mean±S.E.M.) remained 5–11%
leaner (P=0.001 at 6 months) compared to controls
(29.5±0.8 g). Col11a2 mice were smaller than Col2a1 mice
154 T. Lapvetela¨inen et al.: Wheel running and osteoarthritis in miceFig. 1. Scoring of osteoarthritic (OA) changes from frontal knee joint sections of mice. In each picture the arrow points to the grade in
question. A: grade 1—OA, superficial fibrillation, cell loss from the superficial zone and striation of the cartilage. B: grade 2—OA, deeper
defects extending in the intermediate and deep zones of uncalcified cartilage. C: grade 3—OA, defects extending in the calcified cartilage.
D: grade 4—OA, lesions extending in the subchondral bone. Safranin-O-staining. Bar=100 m.judged from weight (28.0-29.5 g vs 37.4-39.5 g, respect-
ively). In this study, the consumption of food and water
was assessed in the 9-month groups of Col2a1 mice.
Consumption of food as well as water averaged between
30 and 40 g per week. The normal runners ate 8% more
and drank water 13% more than the normal controls,
whereas the knockout runners consumed 5% more food
and water than the knockout controls.
In all groups, running was most active between the third
and fourth months of age (Fig. 3). Normal mice of Col2a1
line ran up to 5 km and the knockouts up to 4 km a night.
During the following months, the running distance of the
normal mice remained 35–93% higher (P=0.013–0.041
from 6 to 15 months) than in knockouts. The running speed
reached its peak during the third month, which roughly
represents the time mice reach their musculoskeletal matu-
rity. The running speed of normal mice was 7–16% higher
(P=0.017 to 0.022 from 4 to 7 months and P=0.001 to
0.037 from 9 to 14 months) compared to the knockout mice.
Despite their smaller size, the running activity of Col11a2
knockout mice was comparable and resided between the
running activities of Col2a1 controls and knockouts (Fig. 3).
Quite large variations existed in the activity of individual
mice within the experimental groups, as denoted by the
large standard deviations (S.D.) up to 40%. Total lifetime
wheel running between mice varied between 580 and2374 km (Table I). No correlation could be observed
between the OA scores and total lifetime running activity or
the changes in running activity during the last month, last 3
months, or last 6 months in any of the experimental groups.
However, there was a statistically significant positive corre-
lation between the variation of body weight and OA score in
the medial tibial condyles (R=0.673, P=0.008) of the
15-month-old normal control mice and also in the medial
tibial (R=0.588, P=0.034) and medial femoral condyles
(R=0.691, P=0.009) of the 15-month-old normal runner
mice. No other correlations were found.
At the age of 9 months, there was more OA in the knee
joints of Col2a1 knockout mice, both in controls and in
runners, compared with normal controls and runners (Fig.
4). The difference was most pronounced, with statistical
significance (P=0.042–0.050), at the lateral tibial compart-
ment. Running did not have any significant effect at this
age. At the age of 15 months, the incidence of OA rose in
every group of Col2a1 mice (Fig. 5). The increase was
most pronounced in the femoral condyles of the knockout
animals. A statistically significant difference (P<0.001) was
observed between the normal controls and knockout con-
trols, the latter having more OA. Importantly, there was not
a similar difference between the normal runners or controls
and the knockout runners. In the femoral condyles, there
was a statistically significant reduction (P=0.002–0.048) in
Osteoarthritis and Cartilage Vol. 9, No. 2 155Fig. 2. Weight development of mice (mean±S.D.).Fig. 3. Daily running distances of mice (mean±S.D.). C2=col2a1 groups, C11= col11a2 group, 9 mo=9 month series, 15 mo=15 month
series, nor=normal mice, kno=knockout mice. In col2a1 groups, the knockout mice ran statistically significantly shorter daily distances from
the sixth month on.the rate of OA in favor of knockout runners compared with
knockout controls (Fig. 5).
In Col11a2 knockout mice, the overall incidence of OA
was the same or slightly lower than in the Col2a1 knockoutmice (Fig. 5). Fifteen percent of these mice had severe
osteoarthritic changes. Also in Col11a2 homozygous
knockout mice, less OA was observed in the runners
compared to sedentary knockout controls. This difference
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(P=0.041, Fig. 5).Table I
Life-time running distances (mean±S.D.)
Group Distances
(km)
Minimum
(km)
Maximum
(km)
Col2a1 normal runners 1475±486 760 2374
Col2a1 knockout runners 1022±434 564 1860
Col11a2 knockout runners 1278±518 580 2245D
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aFig. 4. The osteoarthritic changes in the knee joints of mice at nine months of age. C2=col2a1 groups, C11=col11a2 groups, con=controls,
run=runners, nor=normal mice, kno=knockout mice. *=P<0.05, Mann–Whitney’s U-test.iscussion
The inactivation of one of the two alleles of type II
rocollagen (Col2a1) gene disturbs only slightly the devel-
pment and properties of murine cartilage tissue, even
hough the chondrocytes of the newborn mice synthesize
nly about half amount of the pro1(II) chains compared
ith the chondrocytes from wild-type animals12. In embryos
nd newborns, the development of cartilage and minerali-
ation of bone primordia were at about the same stage in
ontrols and knockouts judged from the Alcian Blue- and
lizarin Red-stained skeletons. The bone growth slightly
ags behind in the knockouts, probably due to the minor
lterations observed in the growth plate cartilage12. Thedifferences in bone growth were less apparent as the mice
grow older. Thus, in the articular cartilage of the hetero-
zygous Col2a1 knockout mice, synthesis of normal
pro1(II) chains and formation of normal type II collagen
fibrils take place but to a lesser extent than in control
cartilage12. In transgenic mice expressing a structurally
altered pro1(II) chain together with normal chains, the
alterations were more severe13,14. Mild or severe chondro-
dysplasias and early OA are among the syndromes
observed in these mice. The mutated pro1(II) chains
incorporate into the procollagen molecule destabilizing the
collagen triple helix4,5. This results in a degradation of both
the abnormal and normal type II procollagen molecules in a
process called ‘the procollagen suicide’4,5. Compared to
the transgenic mice which produce the structurally altered
pro1(II) chains with cellular changes, OA and chondrod-
ysplasia13,14, the heterozygous Col2a1 knockout mice
appear to develop a milder phenotype with only minor
alterations in the cartilage and bone. This is consistent with
our observation that in the head of the humerus of these
mice, the articular cartilage was softer and the collagen
fibril network of cartilage showed reduced birefringence in
the intermediate and deep zones (P<0.01–0.05) (Hyttinen
et al., unpublished observations).
Mice with a complete lack of pro2(XI) chain synthesis
after inactivation of the Col11a2 gene (homozygous ‘knock-
out’) also show a minimal phenotype with few alterations21.
The knockout mice are smaller than their littermates and
Osteoarthritis and Cartilage Vol. 9, No. 2 157Fig. 5. The osteoarthritic changes in the knee joints of mice at 15 months of age. C2=col2a1 groups, C11=col11a2 groups, con=controls,
run=runners, nor=normal mice, kno=knockout mice. *=P<0.05, **P<0.01, ***P<0.001, Mann–Whitney’s U-test.they have shorter and thicker bones21. By light microscopy,
the growth plates at the end of long bones appear to be
markedly disorganized. At the age of seven months, the
changes of articular cartilage are few and there are no clear
signs of OA21. Much stronger phenotypic changes take
place after mutation of Col11a1 gene in cho/cho mice:
abnormally thick collagen fibrils are found, as well as
cleft palate, short spine and bones, and completely
disorganized growth plates3,40.
In humans, mutations of COL2A1 gene have resulted in
chondrodysplasias characterized by short-limbed dwarfism
and skeletal abnormalities, early-onset familial OA and
milder forms of chondrodysplasias, spondyloepihyseal dys-
plasia, hereditary arthro-ophthalmopathy—Stickler syn-
drome, type 1 (STL1), and Wagner syndrome with ocular
involvement only1,3,9. In STL1, the mutation in COL2A1
results in a premature stop codon in a COL2A1 allele, the
probable outcome is a haploinsufficiency of the type II
collagen reminiscent of the situation in the heterozygous
knockout mice of this study. The function of type XI colla-
gen in the articular cartilage matrix has not been conclu-
sively established8. It may take part in the assembly of type
II collagen fibrils to limit the fibril diameter, or form a core
around which the fibrils are assembled. The third explana-
tion is that type XI collagen fibrils bind to the surface of
preformed type II collagen fibrils and prevent their aggre-
gation when the cartilage undergoes physical compression.Nonocular form of Stickler syndrome, type 2 (STL2), has
been associated with mutations of COL11A2 gene in
humans1,3,41. In Stickler syndrome, a reduced synthesis of
pro2(XI) chains has been observed1,5. The human syn-
dromes are associated with reduced mRNA and specific
protein synthesis.
Response of articular cartilage appears to differ in mice
forced to run compared to those allowed to run. In our
earlier study, forced running on a flat belt treadmill
enhanced the knee joint osteoarthritic changes37. Running
at a constant and predetermined speed, though not very
high, may have caused a joint injury occasionally. In
addition, there is some evidence that group caging, as in
our earlier study, may predispose mice to joint accidents or
traumas42,43. Group caged mice have less space for cage
activities other than fighting. This might also affect the
serum levels of stress hormones. In the present study, the
mice lived in individual cages and had no chance of
fighting. Decreased running activity in the older animals did
not reflect the progression of OA or joint inflammation. In
humans, this has been observed as well as in some
experimentally induced models of arthritis in hamsters44,45.
The running activity of normal mice was approximately 40%
higher compared to the Col2a1 heterozygous knockouts.
This did reflect to some degree the body weights of the
mice. Physically smaller Col11a2 homozygous knockouts,
weighing, on average, 10 g less than the normal mice or
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tances despite their smaller size. Lifetime wheel running
activity or changes in this activity towards the end of the
experiment did not correlate with the OA scores. Wheel
running may have substituted other forms of energy con-
suming behaviors, such as climbing and feeding on the lid,
grooming and locomotion on the cage floor. Runner mice
spent less time in these activities, which probably also
explains the small differences in the weight development
and feed intake46.
C57Black/6J mice have often been employed in many
investigations, as they have a high rate of spontaneous
knee joint OA at old age, in up to 80% of mice at the age of
18 months37. In the present study, approximately 45% of
normal mice had mild osteoarthritic changes in the tibial
condyles and 20–40% in the femoral condyles at the age of
15 months. Running slightly increased the incidence of OA
in tibial condyles but reduced it in the femoral condyles
(differences not statistically significant). The heterozygous
inactivation of Col2a1 gene in mice made the articular
cartilage more susceptible to OA. The osteoarthritic
changes in heterozygous knockouts occurred relatively
early in life, by 9 months of age at the tibial condyles,
compared with the normal mice. Later, the femoral con-
dyles of the knockout mice were also affected. The oste-
oarthritic changes were in most cases limited to the
uncalcified cartilage only. At the age of 15 months deeper
lesions also could be observed. A positive correlation
between the variation of body weight and the OA score was
observed in the medial tibial condyles of the normal con-
trols and runners as well as in the medial femoral condyles
of normal runners. The connection between the body
weight and knee joint OA in mice, is reminiscent of a similar
correlation in humans22,23,47.
Unexpectedly, lifelong physical exercise reduced the
incidence of OA in the knockout mice. This effect could be
seen as a trend also in the femoral condyles of the normal
mice. Why wheel training decreased the prevalence of OA
in gene-deficient mice is not known. Wheel running may
have provided the mice with physiologically suitable loco-
motion for strengthening the muscles and ligaments around
the knee joint, building up improved dynamic stability and
shock absorbing capacity needed during joint loading and
movements, but the situation was the same for control
animals, too. Running training may have had an effect on
the structure and strength of the collagen network of
articular cartilage, especially in the knockout mice, where
the organization of the intermediate and deep zone colla-
gen network appeared to be inferior to that in control mice,
judged from reduced birefringence. In osteoporosis, it has
been suggested that the softer bones of the patients protect
them from OA48,49. Interestingly, also in the Col2a1 knock-
out mice, the proximal humeral articular of cartilage was
softer (P=0.002) and the volume fraction of the subchon-
dral bone smaller (P=0.01) than in the controls (Hyttinen
et al., unpublished observations). This probably makes
the knockout mice bone ends more compliant than in the
wild-type animals. It is also possible that all these factors
together, combined with lower body weight and shorter
daily running distances, protect articular cartilage against
injury better than other simultaneous physical activity in the
cage. A reduction in the rate of OA after wheel running has
been observed earlier in young hamsters50 and inbred
mice51.
In conclusion, heterozygous knockout of Col2a1 gene
increased the OA prevalence in C57BL/6J mice. Mice with
homozygous knockout of Col11a2 gene did not have moreOA than the C57BL/6J control mice. Lifelong voluntary
wheel running reduced OA in both lines of knockout mice.
The reason for this remains unknown. Reduction of OA
may result from the strengthening of articular cartilage, i.e.
reorganization and improved properties of collagen net-
work or adjacent joint structures due to running. Further-
more, reduced body weight, shorter daily running distances
and the increased compliance of the articular cartilage and
bones of the knockout mice can contribute to the reduction
of OA in exercised knockout mice.Acknowledgments
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